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Abstract 
The overall goal of the research, is development of the numerical model capable of replicating local heterogenous material 
behavior of thin film materials under loading conditions. This particular work is focused on determination of flow stress 
characteristics of investigated TiN thin film based on the nanoindentation test. To properly recalculate measured load-displacement 
values into the required stress-strain curve an inverse analysis techniques are used. Subsequent stages including deposition process 
of TiN layer, room temperature nanoindentation tests and development of direct problem numerical model for the inverse analysis 
are described. Capabilities of the approach are also discussed within the work.  
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1. Introduction 
In order to fulfil the customer’s needs, modern industry have to design new types of materials. These innovative 
materials have to meet an economic, ecological and elevated in-use properties requirements. Unfortunately well-
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known and widely used materials often do not meet industrial expectations. That is why materials scientists are trying 
to find different ways to fulfil high demands of manufacturers, contractors and traders without exposing them to 
excessive costs.  
One of the concepts is to develop hybrid materials, obtained as a combination of different components e.g. layers. 
The Pulsed Laser Deposition (PLD) [1, 2] method, which is a variation of Physical Vapor Deposition (PVD) [3], is 
frequently used to obtain such complex materials. The main idea of the PLD is based on a high-power laser beam that 
is focused periodically onto the target material provoking instantaneous evaporation and ionization of the surface 
atoms. Products of such ionization consolidate atoms, electrons and ions, which are driven away from the target plate 
at high speeds into the precisely controlled vacuum. Finally, particles strike with the high speed into the surface of the 
substrate material, start to nucleate and grow. Thin films grow with the same chemical composition as the evaporated 
material. This process gives possibilities for fast and efficient production of layers on different kind of substrates. The 
PLD approach is widely used in biomedical industry to obtain multilayer biocompatible materials for medical elements 
e.g.: implants, artificial heart chamber, heart valves etc. [4–8].  
However, these kinds of thin film materials have to be subjected to sophisticated plastometric tests namely 
micropillar compression or nanoindentation tests in order to evaluate their hardening behavior under loading at 
appropriate length scale. Interpretation of obtained experimental results also becomes more complex in that case in 
comparison to standard macroscopic sample analysis.  
Thus, in the present work the capabilities of the inverse analysis concept for evaluation of flow stress behavior 
based on nanoindentation test measurements of TiN deposited layer were investigated.   
2. Nanoindentation test 
Basic properties of deposited layers contain set of information on e.g. Young’s modulus, tensile strength, yield 
strength, fracture stress, flow stress characteristics etc. Many of those parameters can be calculated from data obtained 
during mentioned nanoindentation test. Nanoindentation is similar to conventional micro hardness test but performed 
in a much smaller scale. Maximal displacement of the indenter during the test reaches only nanometer range. The 
indenter tip can also have different shapes, which are selected from a wide range of possible solutions e.g.: Berkovich, 
Vickers or Conospherical [9]. The former was used in the present research (Fig. 1) to evaluate hardening characteristic 
of investigated TiN layer. 
 
Fig. 1 Shape of the Berkovich indenter tip. 
Directly measured data during nanoindentation at room temperature are limited to load-displacement values. Based 
on these values set of material properties both elastic and plastic can be then evaluated with the use of specific 
mathematical relationships. A schematic illustration of the load-displacement curve from nanoindentation is presented 
in Fig. 2. The entire curve obtained during loading and unloading stages holds valuable information for further 
interpretation. 
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Fig. 2 Typical load-displacement curve obtained during nanoindentation test. 
The elastic modulus of material is calculated from load-displacement [10] curve as:  
p
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            (1) 
where: rE is the reduced elastic modulus of the material, pA  is the projected area of contact of the indenter with the 
material and S is the slope of the unloading curve at the maximum displacement point (hmax).  
Projected area function for the Berkovich indenter can be calculated with: 
256.24 cp hA             (2) 
where: ch is the contact depth during indentation at highest recorded load.  
 The indentation contact depth is not equal to the total displacement of the indenter because around indenter 
working area material deforms in an elastic region. Thus, ch is calculated as: 
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where: maxP is the maximum load, rh  is position where the unloading curve slope intersects with the displacement 
axis and   is the Sneddon’s corrections factor [11], which take into account geometry of the indenter. From the 
experimental investigation this factor for the Berkovich indenter should be set between 0.72 to 0.78 [12].  
 Finally, from the Oliver-Pharr method [12] the slope S can be calculated at the maximum displacement point hmax: 
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where: fh is the final residual indent depth, and m are constants available in the literature [12].  
Elastic properties of investigated material are eventually calculated with respect to known elastic properties of the 
diamond indenter tip as: 
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where: E and   are the elastic modulus and Poisson’s ratio of the material and iE and i are elastic modulus and 
Poisson’s ratio for the indenter (literature values for Young’s and Poisson’s ratio of diamond are approx. 1000 GPa 
and 0.07, respectively [13]). 
 Determination of hardening material behaviour in the form of the flow stress values is unfortunately not trivial and 
often requires more advanced approaches than simple analytical equations. Flow stress curve presents the relation 
between true stress and true strain values. Various empirical formulas were suggested in the literature to describe the 
stress-strain relationships. The Johnson-Cook (JC) hardening law was selected for the present investigation:  
𝜎𝜎𝑦𝑦 = (𝐴𝐴 + 𝐵𝐵(𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 )
𝑛𝑛
)(1 + 𝐶𝐶𝐶𝐶𝐶𝐶𝜀𝜀̇)(1 − 𝑇𝑇𝐻𝐻
𝑚𝑚)        (7) 
where: 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝  – effective plastic strain, 𝐴𝐴 - parameter equal to the initial yield stress at the reference strain rate and the 
reference temperature, 𝐵𝐵 - the hardening exponent, 𝐶𝐶 - exponent on cumulative equivalent plastic strain in hardening 
term, 𝐶𝐶 - coefficient for rate-dependent term, 𝜀𝜀̇ =
𝜀𝜀
𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 ̇
𝜀𝜀0̇
 where 𝜀𝜀0̇ is the referential strain rate, 𝑇𝑇𝐻𝐻 =
𝑇𝑇−𝑇𝑇𝑅𝑅
𝑇𝑇𝑀𝑀−𝑇𝑇𝑅𝑅
 where 𝑇𝑇𝑀𝑀 is 
melting temperature and 𝑇𝑇𝑅𝑅  is reference temperature, 𝑚𝑚  - exponent on reduced temperature that defines the 
temperature dependence of the yield stress. 
 During the present investigation for a room temperature indentation a simplified version of the JC model, 
insensitive to strain rate, has been selected:  
𝜎𝜎 = (𝐴𝐴 + 𝐵𝐵(𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 )𝑛𝑛)          (8) 
 In the approach, material parameters 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶  have to be determined for each material separately based on 
measured load-displacement values. Thus, to effectively determine those parameters an inverse approach [14] was 
used in the present study. In the approach model parameters are evaluated based on recorded load-displacement values 
during nanoindentation, numerical model that corresponds to the experimental setup and finally selected optimization 
algorithm. As a result, parameters in eq. (8) are obtained by minimization of the goal function defined as a square root 
difference between simulation and experimentally measured load-displacement data. Schematic diagram of the 
applied inverse analysis procedure is presented in Fig. 3. 
 
 
Fig. 3 Diagram representing inverse algorithm used in the present research. 
3. Determination of flow stress model 
The first stage of the investigation is attributed with manufacturing of deposit material. The thin films based on 
TiN was deposited with PLD technique on an Si substrate. TiN thin films were grown by means of pulsed laser 
deposition onto the single-crystal Si (100) substrate, using the 248 nm excimer laser system (Coherent COMPexPro 
110F) operated at an energy density of ~3 J cm−2, a pulse width of 20 ns and a repetition rate of 10 Hz. The target 
was the disc with 2.54 cm in the diameter and 0.4 cm in the thickness. A high-vacuum chamber was initially evacuated 
to 5×10−7 Torr. The silicon substrate was cleaned ultrasonically 10 min in acetone and 10 min in methanol, followed 
by 5 min in 10% HF. The substrate was placed parallel to the target surface at a distance of  
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5 cm. The deposition temperature and nitrogen partial pressure was 600 °C and 1*10-5 Torr, respectively. With such 
process settings an approx. 200 nm thick TiN layer was obtained for further investigation (Fig. 4). 
 
Fig. 4 TiN thin film deposited on the Si substrate. 
The nano indentation test was then realized on the Hysitron nanoindenter at the room temperature. Four different 
location have been selected for the investigation. Examples of recorded load-displacement curves are shown in Fig. 
6b. 
The direct problem model of the experimental procedure of the nanoindentation test was developed in the 
commercial ABAQUS application. Nanoindentation is a process, where indenter has only local impact on the 
investigated sample. That is why Authors decided to use some simplifications and take into account only a small 
portion of the entire sample. As a result assembly of the investigated material consists of only one part that represents 
deposited TiN layer. Indenter and substrate are assumed to be the rigid bodies during simulation. Sample consisting 
of TiN layer was discretized with 721000 8-node tetrahedron elements. Model assembly with generated FE mesh and 
applied boundary conditions is show in Fig. 5. 
 
Fig. 5 Illustration of the assembly used in the numerical model. 
 After a series of inverse algorithm steps a goal function reached assumed stop criterion. The calculated parameters 
𝐴𝐴,  𝐵𝐵  and 𝑛𝑛  for the TiN layer are equal to 2000 , 7000  and 0.05 . Examples of results of simulation after 
nanoindentation and inverse analysis are shown in Fig. 6. 
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a) b)  
Fig. 6 a) Results obtained after numerical nanoindentation test and b) load-displacement curves from experimental and numerical tests. 
4. Conclusions 
As presented nanoindentation is a modern extension of the well-known micro hardness test. In the present work 
Authors presented capabilities of the inverse analysis for determination of the flow stress model of the TiN thin film 
based on mentioned test. Based on that it can be concluded that inverse analysis is an efficient approach to interpret 
load-displacement measurements. Not only elastic but also plastic properties can be identified. Proposed material 
model can be used during further numerical investigation of more complex deformation states.  
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